Introduction
Recent innovation in 3D hydrogel culture systems, microscale tissue engineering, and microfluidics have paved the way for the development of biomimetic "organoid-on-a-chip" tissue models for studying physiology and disease, toxicity screening, and drug discovery. [1] [2] [3] [4] The use of advanced in vitro testing is a powerful tool to develop predictive cellular assays suitable for improving the high attrition rates of novel pharmaceutical compounds. 5 Application of such models have been recently reviewed in cardiac 6 , liver 7 , skeletal muscle 8 and neuronal developmental 9, 10 systems.
Inability of current models, at both the pre-clinical in vitro and in vivo levels, to correctly predict the efficacy of novel therapeutics in humans is the leading cause of late stage failure, with unforeseen toxicity a close second. 11, 12 The increased burden to patients and healthcare costs demonstrate that current pre-clinical methodology is insufficient. 11, 13 In order to better recapitulate clinical relevancy using benchtop models, quantifiable outcomes must be representative of organ-specific physiological endpoints. It is critical that such model systems move beyond 3D versions of conventional cell based assays to models that truly recapitulate functional aspects of organ physiology that can be evaluated to screen for drug safety and efficacy. 14 Such assessment is especially challenging for neural applications, where changes in electrophysiological behaviors may arguably be the most relevant functional outcome. For this reason, 3D tissue models of nervous tissue are lagging those of epithelial, metabolic, and tumor tissues, where soluble analytes serve as appropriate metrics. The potentially rapid application of electrophysiological techniques has been shown possible through multi-electrode array (MEA) technologies for the screening of environmental toxins 15, 16 as well as disease modeling and therapeutic testing 17, 18 . This technology is ground-breaking for the study of central nervous system (CNS) applications, being applied to both brain slices and dissociated cultures [19] [20] [21] . Some tradeoff is required between simple, high-throughput screening and advanced models yielding high-content data. MEA testing improves on throughput compared to intracellular patch-clamp experiments, and allows for the measurement of network dynamics. Patch-clamp is still the gold standard for studies requiring precise stimulation of single-cells or recording of sub-threshold events. However, the difficulty in recapitulating the 3D structure and measurement of population-level biological conduction over long distances, which are critical for organotypic models of peripheral nerve tissue, has limited in vitro testing to simple 2D models [22] [23] [24] . Rather than examining stochastic network formation and electrophysiological data, a more biomimetic assay will better recapitulate clinical methods of investigating peripheral nerve function, including the measurement of compound action potentials (CAP) and nerve fiber density (NFD) using morphometric analysis of skin biopsies. 25 A microscale, organotypic model of peripheral nerve tissue with physiological measures that mimic clinical CAP and NFD tests may be more predictive of clinical outcomes, enabling a more costeffective approach for selecting promising lead compounds with higher chances of late-stage success. Here, we describe the fabrication and physiological assessment of a 3D microengineered system which enables the growth of a uniquely dense, highly parallel neural fiber tract, where polarity in axonal outgrowth can be controlled. Due to the confined nature of the tract, our model allowed stimulation at the axon bundles distally from neuronal somas, providing a unique approach for studying electrophysiological properties within a 3D in vitro system. This arrangement made possible the measuring of both CAPs and intracellular patch clamp recordings with distally-placed stimulation.
Subsequent confocal and transmission electron microscopy (TEM)
analysis allows for structural analysis. While perhaps not suited for high-throughput drug discovery, , the balance of high-content and medium throughput may position this model for later-stage preclinical development. Taken together, our in vitro model system has the novel ability to assess tissue morphometry and population electrophysiology, analogous to clinical histopathology and nerve conduction testing, representing the first step towards an advanced predictive assay of peripheral nerve behavior.
Experimental

Fabrication of 3D Dual Hydrogel Constructs
3D dual hydrogel constructs were micropatterned according to previously published procedures from our lab 26, 27 using a unique apparatus for dynamic mask projection photolithography as seen in The process has been outlined previously in detail [26] [27] [28] [29] [30] .
Incorporation of Dorsal Root Ganglia Explants
All animal handling and tissue harvesting procedures were performed under observation of guidelines set by NIH (NIH Publication #85-23 Rev. 1985) and the Institutional Animal Care and Use Committee (IACUC) of Tulane University. Neural explants were incorporated into dual hydrogel constructs as previously described 28 . Briefly, 6-well collagen-coated PTFE cell culture inserts were soaked overnight in adhesion media consisting of Neurobasal medium supplemented with penicillin/streptomycin, nerve growth factor (NGF), 10% fetal bovine serum (FBS), and L-glutamine 1.5ml of growth media (Neurobasal medium supplemented with NGF, penicillin/streptomycin, L-glutamine, and B27; Gibco-Invitrogen, Carlsbad, CA) to initiate the self-assembly of the Puramatrix and maintained at 37 o C and 5% CO 2 , with medium changes every 48 hours. Experiments were initiated after 7 days to permit neurite outgrowth and neuronal maturation.
Immunocytochemistry
Specimens evaluated with immunohistochemistry were fixed in Projections of z-stacks were taken as maximum intensity projections.
V3D-Viewer software (Janelia Farm Research Campus, Howard
Hughes Medical Institute, Ashburn, VA) allowed 3D rendering and visualization of the confocal z-stack images.
Transmission Electron Microscopy
Transmission electron microscopy was used to qualitatively assess morphology, spatial distribution, and nanoscale features of 
Results
Spatial and Morphological Characteristics of 3D Neural
Cultures
We developed a novel in vitro 3D neural culture designed to approximate the cyto and macro-scale architecture of native afferent peripheral nervous tissue. The 3D neural constructs consist of DRG tissue explants cultured on a permeable cell culture membrane insert that are contained by PEG constructs confining growth to patterned voids filled with Puramatrix. Narrow tracts guiding neurite growth from the ganglion along the x-axis measure ~490 μm in diameter, up to ~400 μm thick, and ~3 mm in length. A 3D dual hydrogel construct containing DRG neurons, glia, and neurite growth is shown after 7 DIV in Figure 2 .
Similar to previous reports 26, 27 , the neurites and supportive glial cells were effectively constrained by the geometry of the PEG hydrogel. Simultaneous labeling with antiβ-III tubulin, anti-S100, and DAPI confirmed outgrowth after 7 DIV was consistently robust and all labeled structures were within the Puramatrix portion of the construct [ Figure 2 (A, B) ]. Presence and migration of supportive cells, including glial cells, spans up to ¾ of the length of the channel, 
Population Electrophysiological Properties of 3D Neural Fiber
Tracts
To test the functional properties of the 3D neural culture and determine whether it serves as a physiologically relevant model of afferent peripheral nervous tissue, we conducted intracellular and extracellular electrophysiological experiments after 7 DIV.
Using techniques adapted from traditional field potential recordings in acute rodent brain slices, our constructs were studied on an interface chamber permitting the use of a custom rig for extracellular recording. For each experiment, a recording electrode was placed in the ganglion, or somatic region of the construct, and a stimulating electrode in the channel was inserted along the neurite tract [ Figure 5 As with nerve stimulation, more fibers were recruited with higher reference. The drug wash-in occurred 5 minutes into the experiment, t 6 , and wash-out 20 minutes later, or 25 minutes into the experiment at t 26 . Responses prior to drug wash-in, t 1 -t 5 , were compared to responses recorded 10 minutes into the drug wash-in, t 16 -t 20, allowing ample time for drugs to perfuse and take effect. There was no statistically significant difference observed in the response amplitude or duration before and after wash-in of the drugs [ Figure 6 (A-C)], suggesting there was no synaptic component of the response to block.
A high frequency train of pulses was also induced to assess characteristics of the response. When 20 pulses at 50Hz were applied to the cultures, the population spikes maintained a consistent delay of onset, envelope, and amplitude suggesting a strong response capable of repeatedly firing with no depression or facilitation, direct antidromic evocation of action potentials. Response amplitude and duration at half-peak before and after high frequency stimulation
were not statistically significant [ Figure 6 (D-F)].
Figure 4. Transmission electron microscopy of neural culture cross-sections. High density of parallel, fasciculated unmyelinated neurites in channel approximately 1.8 mm from ganglion, inset showing zoomed view (A-B). Focus centered on an axon (Ax) encapsulated by a Schwann cell (SC) approximately 1mm from the ganglion (C). Schwann cell nucleus (SN) found in ganglion (D). All measurements made from the end of the circular region containing ganglion at the start of the straight channel.
Whole-Cell Electrophysiological Properties of Neurons in 3D
Constructs
To verify that the absence of aberrant self-synapsing within the DRG, as well as to observe basal electrical activity within cells in the construct, intracellular recordings were employed. Using this method, we achieved whole-cell patch clamp access inside the 3D neural constructs for over an hour. Modified techniques from wholecell patch clamping in acute rodent brain slices allowed voltage and current clamp recordings. However, the hydrogel construct in which the tissue was cultured presented challenges. The Puramatrix gel is more adhesive than native brain tissue and the dense DRG explant contains connective tissue. As with field recordings, these features made movement, re-placement, and continued use of the electrodes difficult. Cells within the DRG were densely populated, had less contrast, and were harder to visualize than more sparsely distributed cells in brain slice neuropil that are normally surrounded by features with different diffractive indices. Through repeated visualization in multiple focal planes, positive pressure while navigating through gel, and a tilted electrode approach angle 34 
Discussion
We present a platform for culturing and investigating 3D biomimetic neural models that more closely recapitulates the structural and functional characteristics of native tissue compared to current 2D culture conditions. The need for models to utilize organ specific functional endpoints is becoming increasingly apparent 14 . been centered on primary sensory neurons and their simulation of a sensory peripheral nerve, our approach may be utilized to study different neuronal cell types in various geometries in support of a wide range of applications. Further developments will be required in order to ensure a more robust model for drug development, toxicity testing and disease modeling. First, the use of either dissociated primary cells or stem-cell derived neurons, rather than explants, could significantly enhance our throughput. It is also important to point out that any model seeking widespread adoption will require validation with a variety of compounds exhibiting known outcomes 14 . The inclusion of a more biomimetic range of growth factors in the culture medium should lead to more robust development of numerous fiber subtypes, as is typical in nerve fiber tracts 41 . Similarly, biomolecular cues could be introduced to engineer more advanced spatially controlled models 26, 29, 30 . Towards that end, our past work focused on axonal outgrowth and guidance, and so this model could also be applied to therapeutics targeting nerve damage and/or repair [26] [27] [28] [29] [30] 42 . As mentioned previously, consistent myelination of axons would allow for studies of the pathology of various forms of demyelinating diseases, as well as the development of compounds encouraging remyelination.
Additionally, an in depth analysis of the structure-function relationship will allow for more robust analysis of model outcomes.
Conclusions
In conclusion, our easily manufactured, potentially highthroughput 3D hydrogel constructs support robust biomimetic neural cultures that closely approximate native in vivo architecture and physiology. This is the first report of a 3D microengineered neural culture supporting both successful intracellular AP and extracellular CAP recordings. Changes in both signal conduction amplitude and delay were seen based on the location of stimulation. Additionally, we demonstrated the effect of an externally applied drug (TTX) to modulate functional outputs, while blocking synaptic transmission (administration of DNQX and APV) had no consequence. With further development, we propose that such a versatile, 3D in vitro model of peripheral nerve will help bridge the gap between simple cell culture models, which are best for identifying mechanistic pathways, and animal models, best used for investigation of interacting organ systems and simultaneous presentation of many variables.
